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We have studied correlations in the speckle patterns
generated by the scattering of perfect optical vortex
(POV) beams and used them for producing a new-class
of coherence functions, namely Bessel coherence func-
tions. Higher (zeroth) order Bessel coherence functions
have been realized in cross (auto)-correlation between
the speckle patterns generated by the scattering of per-
fect vortex beams of different orders. We have also stud-
ied the propagation of produced Bessel coherence func-
tions and characterized their divergence with respect to
the radius of their first ring for different orders m=0–
4. We observed that the divergence varies linearly with
the order of the coherence function. We provide the ex-
act analytical expression for the auto-correlation as well
as cross-correlation functions for speckle patterns. Our
experimental results are in good agreement with the an-
alytical results. © 2020 Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Optical vortices are well known for phase singularity at their
centre with screw dislocations [1]. These beams have helical
wave fronts with an azimuthal phase of eimθ and carry an orbital
angular momentum of mh¯ per photon, where m is the topologi-
cal charge (TC) or order of the vortex which can be defined as
number of helical wave fronts completed in one wave length.
The vortex beams have found many applications in science and
technology [2, 3] such as optical communication using the infi-
nite dimensional basis states. Optical vortices have dark core
at the center whose diameter depends on the order. In order
to control the intensity distribution of vortices, a new type of
vortices have been introduced, named as perfect optical vortices
(POV) [4]. These beams have a topological charge independent
intensity distribution with controllable ring size and ring width.
Many techniques have been proposed and verified to generate
the POV beams and utilized in various applications [5–9].
The correlation in light beams is becoming one of the promis-
ing fields of study since it plays an important role in many of the
applications such as communication and cryptography [10–12].
The correlation functions that have singularities are named with
a new term “Coherence vortices” [13–16]. The correlations in the
partially coherent beams can be described with cross-spectral
density (CSD) function, and have advantages over that of a
coherent beam in some applications such as free space optical
communication, remote sensing and optical imaging [17–21].
Recently, these coherence vortices are realized in the intensity
correlation of two speckle patterns obtained by the scattering of
coherent vortex beams of different orders [16, 22].
In this study, we investigate theoretical and experimental
investigation on the scattering of POV beams for generating
a special class of coherence vortex, namely, Bessel coherence
function. These functions have been generated with the help of
intensity correlation between two speckle patterns correspond-
ing to POV beams of different orders. We have also provided
the exact analytical expression for the correlation function which
are in good agreement with the experimental results.
We start with the field distribution of a POV beam, described
by the thin annular ring of order m, given by [4]
E(ρ, θ) = δ (ρ− ρ0) eimθ (1)
where ρ0 is the radius of the POV beam and δ represents the
Dirac delta function. The scattering of POV beams through a
ground glass plate (GGP) can be described with random phase
function eiΦ, where Φ varies randomly from 0-2pi. Now, the
field distribution of speckles after scattering through the GGP is
given by [22]
U(ρ, θ) = δ (ρ− ρ0) eimθ ∗ eiΦ (2)
In this study, we are interested in finding the mutual coher-
ence function between the two scattered POV fields. Γ (.) =
U1(r1, ϕ1, z)U∗2 (r2, ϕ2, z) has been evaluated by using the Fres-
nel diffraction integral in cylindrical coordinates, which can be
represented mathematically as [23]
Γ12 (∆r) =
e
ik
2z (r
2
1−r22)
λ2z2
∫ ∫
Um1 (ρ, θ)U
∗
m2 (ρ, θ)
e−
ik
z (ρ∆rcos(ϕs−θ))ρdρdθ (3)
where
∆rcos(ϕs − θ) = [(r1cos (ϕ1)− r2cos (ϕ2)) cosθ]
+ [(r1sin (ϕ1)− r2sin (ϕ2)) sinθ] (4)
and ∆r2 = r21 + r
2
2 − 2r1r2cos (ϕ2 − ϕ1).
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The cross-correlation function of two speckle patterns cor-
responding to two different orders (m1&m2) of POV beams is
given by the Bessel function of order m = m2 −m1. The com-
plete mathematical expression is given by
Γ12 (∆r) =
2pi (−1)m2−m1 im2−m1 e ik2z (r21−r22)
λ2z2
ei(m1−m2)ϕs∫ ∞
0
δ (ρ− ρ0) J(m2−m1)
(
kρ
z
∆r
)
ρdρ (5)
Using Eq. 2 in the above equation with the help of Anger-
Jacobi Identity and the integral properties of Dirac-delta function
[24], we get
Γ12 (∆r) =
2piρ0 (−i)m2−m1 e
ik
2z (r
2
1−r22)
λ2z2
ei(m1−m2)ϕs J(m2−m1)
(
kρ0
z
∆r
)
. (6)
From the above equation, it is clear that the cross-correlation
function of two speckle patterns is well described by the Bessel
function of order m = m2 −m1.
The corresponding complex coherence function of the scat-
tered field is given by
C(∆r) = (−i)m2−m1 ei(m1−m2)ϕs Jm2−m1
(
kρ0
z
∆r
)
(7)
Normalized intensity distribution of the coherence function can
be evaluated in terms of time averaged intensity I0 as
I (∆r) = I20
(
1+ |µu (∆r) |2
)
= I20
(
1+ J2(m2−m1)
(
kρ0
z
∆r
))
(8)
If two speckle patterns are corresponding to the same or-
der, the cross-correlation function will be converted as auto-
correlation function which can be obtained by keeping m1 = m2
in the above equation. We get the auto-correlation function as
I (∆r) = I20
(
1+ J20
(
kρ0
z
∆r
))
(9)
It is clear from the above analysis that the auto-correlation
functions can be described with Bessel functions of order zero
and cross-correlation functions can be described with Bessel-
functions of non-zero orders (m = m2 −m1).
Experimental setup for the generation of POV beams is
shown in Fig. 1. Optical vortex beams have been generated
using computer generated hologram displayed on a spatial light
modulator (Holoeye LCR-2500) with the help of a He-Ne laser
beam of wavelength 632.8 nm and power 5 mW. The desired
vortex beam selected with an aperture (A) is passed through
an axicon, with an apex angle of 1780, in order to convert the
vortex beam into Bessel-Gauss beams. The axicon is placed at a
distance of 50 cm from SLM. The Bessel-Gauss beams have been
generated at a distance of 12.5 cm from the axicon. This has been
considered as the plane of generation for BG beams. A lens (L) of
focal length 30 cm has been placed at the focal plane, which will
provide the Fourier Transform of the BG beams, for creating the
POV beams. A CCD camera (FLIR, pixel size 3.45µm) is placed
at the Fourier plane for recording the intensity distribution of
POV beams.
Fig. 1. (Colour online) Experimental setup for the generation of
perfect optical vortex beams using a spatial light modulator and
an axicon. A-Aperture, M-Mirror, SLM-Spatial Light Modulator,
BD-Beam Dumper, f-Focal length
GGP
CCD 
Camera
z=20 cm to 70 cm
POV beam
Fig. 2. (Colour online) Experimental set up for recording the speckle
patterns using the scattering of POV beams.
The generated POV beams have been scattered through a
ground glass plate (GGP)(DG10-600, from Thorlabs) which is
placed at the generation plane of POV beams, at a distance of
72.5 cm from the axicon. The resultant speckle patterns have
been recorded at different propagation distances, starting with
20-70 cm at the interval of 5 cm, from GGP, and for different
orders of the POV beams using the CCD camera. The experi-
mental set up for the same has been shown in Fig. 2. Later, we
have numerically calculated the cross-correlation between two
speckles patterns corresponding to the different orders of POV
beam in order to generate the Bessel coherence functions.
We start our experiment by recording the intensity distri-
bution of the POV beams at the plane of generation. We have
generated the POV beams up to the order m=10 using the Fourier
Transform of BG beams and all orders have mode independent
intensity distribution as shown in Fig. 3. These POV beams have
been scattered through the GGP and the corresponding speckle
patterns have been recorded through CCD.
m = l m = 7 m = l0m = 2
Fig. 3. (Colour online) The intensity distribution of POV beams
with m = 1, 3, 7, 10 (from left to right) at the plane of generation.
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m=0
m=2
m1 =0
m2 =1
m2 =2
m2 =0m1 =0
m1 =0
m=1
Fig. 4. (Colour online) The recorded speckle patterns and the corre-
sponding Bessel coherence functions (here m = m2 −m1).
Now, we generate the Bessel coherence functions of higher
orders using cross-correlation between the speckle patterns. The
order of Bessel coherence function is given by the difference
between the orders of two POV beams used for producing the
speckle patterns (m = m2 −m1) as represented in Eq. (7). Figure
4 shows the speckle patterns as well as their cross-correlation
function for different m1 and m2 values. The left column shows
the speckle pattern corresponding to the POV beam of order m1
= 0 and middle column shows the speckle patterns correspond-
ing the POV beams of orders m2 = 0-2 (from top to bottom). The
last column shows the cross-correlation function between the
two speckle patterns.It is clear from the figure that the auto-
correlation between the speckle patterns provides the Bessel
coherence function of order 0 (top row). Although we have
provided the auto-correlation function for m1 = 0 and m2 = 0,
we have also verified the same for different orders. The cross-
correlation between the speckle patterns corresponding to two
different orders provides the higher order Bessel coherence func-
tion (middle and last rows). These results have been recorded at
a distance of 20 cm from GGP (z = 20cm). The auto-correlation
function is also consistent with the Van-Cittert-Zernike theorem
which states that the auto-correlation function is given by the
Fourier Transform of source plane [10]. It is also shown that the
Fourier transform of incident mode provides the information
about the correlations present in speckle patterns but not the
inhomogeneity size and distribution of the random medium
[25]. Our experimental results are coinciding with the above
prediction as the auto correlation function is zeroth order Bessel
function which is the Fourier transform for a POV beam.
We show the Bessel coherence functions of orders m = 0-2 cor-
responding to the different propagation distances z = 20 cm, 30
cm, 40 cm in Fig. 5. These intensity distributions have been pro-
duced through the cross-correlation between the speckle pattern
corresponding to zeroth order and the speckle patterns corre-
sponding to that particular order. These results are in agreement
m=0 m=1 m=2
z=20 cm
z=30 cm
z=40 cm
Fig. 5. The experimentally generated Bessel-Gauss coherence func-
tions with different propagation distances and with different orders
m=0 to 2 at propagation distances z=20,30 and 40cm.
with the theoretical results described by the Eqs. 9.
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Fig. 6. (Colour online) Line profiles along the center of Bessel coher-
ence functions shown in Fig. 5 for orders m = 0-2 (from left to right)
at the propagation distance of z=40 cm.
The Bessel coherence functions can be verified through a
line profile along the center of the beams. The line profiles
corresponding to the Bessel coherence functions of orders m =
0-2 at a distance of z = 40 cm have been shown in Fig. 6. One
can verify the presence of rings through the line profiles and
confirms the Bessel nature of coherence functions. We have also
determined the radius of first ring with respect to the center
using these line profiles. The radius is considered as the distance
between the center to peak of the first ring.
After plotting the line profiles, we have found the distance
between the center to the peak of first ring for different orders
m = 0-4 at all propagation distances from z = 20-70 cm with
an interval of 5 cm. We observed that the radius of first ring
varies linearly with the propagation distance for all orders from
m = 0-4. We have determined 14 data points for every radius
using the 7 different line profiles of the beam, for different ori-
entations. The corresponding statistical error has been shown
in the graphs of Fig. 7. For m = 0 the error is nominal and it
increases with the increase in the order of the Bessel coherence
function as well as propagation distance. It is due to the fact that
the auto-correlation function is independent of the alignment
whereas the cross-correlation is alignment dependent. Even
small misalignment in the camera can cause large disturbance in
the cross-correlation function which we will infer as the primary
source for the error at greater propagation distances as well as
for higher orders.
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Fig. 7. (Colour online) Variation of radius of the first ring with
propagation distance (z) for Bessel Coherence functions for different
orders.
Fig. 8. (Colour online) The variation of divergence with the order of
the Bessel coherence functions.
Now, we define the divergence as the rate of change of the
radius of first peak with the propagation distance [26] i.e. slope
of the line which we get by using the linear fit to the data. Fig.
8 shows the variation of divergence with the increase in order
for m = 0-4. It is clear from the figure that the divergence varies
linearly with order.
In conclusion, we have generated the Bessel coherence func-
tions using the speckle patterns obtained by the scattering of
POV beams. We have also studied their propagation and used
the radius of first peak for defining divergence. We found that
the radius varies linearly with propagation distance and the
divergence varies linearly with order. One may use these results
for generating 1-D key from a 2-D correlation image which will
enhance the security over the key generated with just speckle
patterns.
REFERENCES
1. J. Nye and M. Berry, Proc. R. Soc. Lond. A.336, 165 (1974).
2. Alison M. Yao, and Miles J. Padgett, Advances in optics and photonics.
3, 161 (2011).
3. G. M. Terriza, J. P. Torres, and L. Torner, Nat. Phys. 3, 305 (2007).
4. A. S. Ostrovsky, C. R. Parrao, and V. Arrizon, Opt. Lett. 38, 534 (2013).
5. P. Vaity and L. Rusch, Opt. Lett. 40, 597 (2015).
6. N. A. Carvajal, C. H. Acevedo, and Y. T. Moreno, International Journal
of Optics, 1 (2017).
7. M. K. Karahroudi, B. Parmoon, M. Qasemi, A. Mobashery, and H.
Saghafifar, Appl. Opt. 56, 5817 (2017).
8. M. Chen, M. Mazilu, Y. Arita, E. M. Wright, and K. Dholakia, Opt.
Lett.38, 4919 (2013).
9. S. G. Reddy, P. Chithrabhanu, P. Vaity, A. Aadhi, S. Prabhakar, and R.
P. Singh, J. Opt. 18, 055602 (2016).
10. L. Mandel and E. Wolf, Optical Coherence and Quantum Optics (Cam-
bridge University Press, 1995).
11. H. F. Schouten, G. Gbur, T. D. Vissar, and E. Wolf, Opt. Lett. 28, 968
(2003).
12. P. Kumar, A. Fatima, and N. K. Nishchal, J. of Opt. 21 065701 (2019).
13. W. Wang, S. G. Hanson, Y. Miyamoto, and M. Takeda1, Phys. Rev. Lett.
94, 103902 (2005).
14. G. Gbur and T. D. Visser, Opt. Commun. 259, 428 (2006).
15. W. Wang, Z. Duan, S. G. Hanson, Y. Miyamoto, and M. Takeda, Phys.
Rev. Lett.96, 073902 (2006).
16. C. R. Alves, A. J. Jesus-Silva, and E. J. Fonseca, Opt. Lett.40, 2747
(2015).
17. C. Paterson, Phys. Rev. Lett. 94, 153901 (2005).
18. J. C. Ricklin and F. M. Davidson, J. Opt. Soc. Am. A 19, 1794 (2002).
19. G. Wu and Y. Cai, Opt. Lett.36, 1939 (2011).
20. D. Kermisch, J. Opt. Soc. Am.65, 887 (1975).
21. X. Liu, X. Peng, L. Liu, G. Wu, C. Zhao, F. Wang, and Y. Cai, Appl.
Phys. Lett. 110, 181104 (2017).
22. J. Goodman, Speckle Phenomena in Optics: Theory and Applications
(Springer, 1975).
23. C. H. Acevedo and A. Dogariu, Opt. Lett. 43, 5761 (2018).
24. I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products (Academic, 2007).
25. J. Uozumi , M. Ibrahim, and T. Asakura, Opt. Commun. 156, 350
(1998).
26. S. G. Reddy, P. Chithrabhanu, A. Anwar, S. Prabhakar, J. Banerji, and
R. P. Singh, Appl. Opt.54, 6690 (2015).
